Research on microbial degradation of xenobiotic polymers has been underway for more than 40 years. It has exploited a new field not only in applied microbiology but also in environmental microbiology, and has greatly contributed to polymer science by initiating the design of biodegradable polymers. Owing to the development of analytical tools and technology, molecular biological and biochemical advances have made it possible to prospect for degrading microorganisms in the environment and to determine the mechanisms involved in biodegradation when xenobiotic polymers are introduced into the environment and are exposed to microbial attack. In this review, the molecular biological and biochemical aspects of the microbial degradation of xenobiotic polymers are summarized, and possible applications of potent microorganisms, enzymes, and genes in environmental biotechnology are suggested.
Polymer chemistry began approximately 90 years ago, when Staudinger established the theoretical background from which commercial production of synthetic polymers arose. Synthetic polymers, especially solid ones known as plastics, have been at the forefront since World War II. Annual worldwide production of plastics amounts to more than 200 million tons. Synthetic polymers were originally designed to replace natural polymers, with the advantages of long life (no decay), better performance, plasticity of form, and low cost of production, dependent on cheap petroleum. However, public concern over the use of synthetic polymers has been increasing since the end of 1980s as plastic bags have been polluting the environment. Plastic bags can be found everywhere from the deep sea to the highest mountains and can cause serious environmental problems by threatening wildlife and destroying scenic areas.
Environmental issues caused by chemical compounds are due to their toxicity, as with pesticides, organic mercury, and arsenic compounds. In contrast to these toxic compounds, synthetic polymers are biologically inactive and generally nontoxic. What then is the biggest problem with synthetic polymers? The answer is prolonged persistence in the environment due to their synthetic polymer-specific chemical structures, which results in excellent physicochemical properties and a long life even in harsh environments. The chemical structures of polymers are shown as (monomer) n , where n denotes the degree of polymerization. In other words, depolymerization is a primary requisite for polymer degradation. It leads to the loss of physicochemical properties that prolong the life of the synthetic polymer. Synthetic polymers include all kinds of polymerized compounds, including water-soluble, oily, and solid polymers. Plastics are solid synthetic polymers of various forms. They are not water-soluble or miscible. Since plastics are highly visible, their fate in the environment and their recyclability causes public concern. On the other hand, water-soluble synthetic polymers are often neglected because they are invisible, although their total production corresponds to that of plastics. Research on the biodegradation of synthetic polymers to prevent deterioration of products dates back to studies in the 1960s, and research on microbial degradation (to which the author contributed) had already started in the 1970s. Environmental problems first attracted worldwide public concern at the end of the 1980s, and studies of biodegradation and the production of biodegradable synthetic polymers were promoted in the 1990s to establish standards for biodegradation and biodegradable synthetic polymers. A number of previous studies have shown that biodegradability is determined by the chemical structures and physicochemical properties of polymers and not by their origins, whether natural or artificial. The biodegradability of many xenobiotic polymers has been verified, as described below. More recently, a paradigm shift from oil-based production to bio-based production has caused concern and attracted increasing interest in this area, with greater focus on bio-based production of existing monomers presently produced from oil to form polyolefins, polyesters and polyamides. At the same time, more light has been shed on microbial polyesters (poly(hydroxyalkanoate) (PHA)) and chemobiopolyesters (poly(lactic acid) (PLA)). In the near future, significant ranges of xenobiotic polymers might be replaced with microbial polyesters and chemobiopolymers, which include not only PLA but also other polymers from bio-based monomers, using environmentally friendly technology.
The biodegradability of xenobiotic polymers is highly dependent on their chemical structures and physical properties. Most carbon-backbone polymers, barring polyvinyl alcohol (PVA), are generally recalcitrant to biodegradation, but many hetero-backbone polymers, such as polyethers, polyesters, and polyamides are biodegradable. Based on existing information on the degradability of synthetic polymers, copolymers consisting of different types of polymer chains or monomers have been designed, some of which are industrially produced as biodegradable polymers. Aerobic processes are important for biodegradation, because conventional waste and sewage treatment, such as the use of activated sludge and composting, are based on aerobic processes. In addition, environmental degradation generally proceeds faster under aerobic conditions than anaerobic ones. On the other hand, anaerobic systems are also significant, since there are anaerobic spots on Earth, such as groundwater, still lakes, ponds, underground areas, and landfills, where methanogenic processes are important waste treatment systems. Anaerobic biodegradation has been reported for some synthetic polymers, but the mechanisms remain to be examined. The delay in the study of anaerobic degradation is due to the fact that conventional anaerobic systems, such as the clean bench, fermenter, and enzyme purification systems have developed only recently. In addition, anaerobic treatment often requires more caution, and the process is troublesome under aerobic conditions.
In this paper, I summarize the biodegradability of xenobiotic polymers (the chemical structures of the major polymers are shown in Fig. 1) , and introduce detailed studies of numerous examples of water-soluble polymers and plastics. In addition, microbial processes are elucidated based on the biochemical and molecular biological viewpoints. Finally, a numerical simulation based on mathematical modeling of degradation processes is introduced briefly.
I. Microbial Degradation of Xenobiotic Polymers 1,2)
What does ''biodegradability of polymers'' mean? The first criterion for biodegradation is enzymatic processing. In particular, hydrolyzable polymers such as polyesters and polyamides are enzymatically degraded into monomers that can easily enter central metabolic processes unless they are xenobiotic compounds. Most monomers are naturally occurring compounds, such as organic acids, alcohols/glycols, and amide compounds. Proteases, lipases, and esterases originating from animals, plants, and microbes can hydrolyze xenobiotic polymers such as polyamides, polyesters, and PLA, although their original substrates are proteinaceous compounds, lipids, and esters. This is well explained by the fact that enzymes cannot discriminate between original substrates and substrates analogous to them. For example, proteinase K can degrade PLA because lactic acid is analogous to alanine. The second and most important criterion for biodegradation is microbial degradation of target polymers, which are often assimilated by microorganisms as sole carbon and energy sources. In most cases, a pure culture assimilates a target compound, whereas only a mixed culture can assimilate it in some cases, as described below. The assimilation of a target compound by mixed cultures is not always due to a single, simple reason but to various reasons, and hence the underlying mechanism of assimilation by mixed cultures often remains unclear. Microbial consortia must contribute to the degradation processes in the environment, rather than individual microorganisms. Various mechanisms of mixed cultures have been reported in terms of metabolic processes, ecological cycles, and biological communities. There are several examples of the degradation of xenobiotic polymers, including polyethylene glycol (PEG), its copolymer, PVA, polyaspartate (PAS), and polyacrylate (PAA).
The biodegradability of many polymers has been investigated. The results are summarized in Table 1 . Previous studies have revealed that depolymerization proceeds by two processes, exogenous and endogenous. Hydrolyzable polymers are readily depolymerized endogenously by hydrolytic enzymes to yield momoner units that are metabolized by central metabolic pathways. Generally, esterases/lipases contribute to the hydrolysis of synthetic polyesters. PHA-and PLA depolymerases are also categorized as polyester-degrading enzymes, but their enantioselectivities and substrate specificities indicate that there are three categories of polyester-degrading enzymes, general lipases, PHA depolymerases, and PLA-degrading enzymes, 3) although some cross these boundaries. PHA-and PLA-degrading microorganisms have different specific depolymerases for PHA and PLA respectively. Thus the biodegradability of a given polymer is not uniform, and its evaluation requires substantial insight, even if the basic chemical structures and underlying mechanisms are the same.
On the other hand, some synthetic polymers are oxidized repeatedly and are cleaved exogenously by one terminal monomer unit that is assimilated as a carbon source into the central metabolic pathway. Typical examples of exogenous depolymerization are the oxidative degradation of polyethers, PAA, and probably polyolefins by a series of oxidative steps for polyethers, and -oxidation-like processes for PAA and polyolefins. PVA is degraded by a combination of primary oxidation and hydrolysis of oxidized PVA, as described below. Except for PVA, high molecular weight carbon-backbone polymers are recalcitrant to biodegradation, although their oligomers, including polyethylene wax (PEwax), isoprene oligomers, styrene oligomers, and triacrylonitrile, are biodegradable. 1) Hetero-backbone polymers are more susceptible to biodegradation than carbon-backbone ones. Examples of the latter are polyethers such as PEG, most polyesters, including PHA and PLA, and polyamides such as PAS.
II. Microbial Degradation of Synthetic Water-Soluble Polymers
The scale of the industrial production of synthetic water-soluble polymers is approximately the same as that of plastics. Examples of synthetic water-soluble polymers are polyethers, PVA, and PAA. Polyethers and PVA are often used in synthesizing copolymers to be used as biodegradable segments or to improve performance. Although these polymers are believed to be nontoxic to organisms, they have strong surface activity and produce large amounts of foam, and thus inhibit oxygen recovery in water. This poses a serious threat to water-borne organisms as well as to humans. Watersoluble polymers can be neither recycled nor incinerated after use, and eventually enter streams. Therefore, microbial degradation of these polymers is of great importance worldwide, since it is the only means to remove them from water systems. Consequently, continuous isolation of new degraders, especially PEG and PVA, has been reported, even though research on the microbial degradation of these polymers has a long history: the first reports were made in 1962 4) and 1936. PEG was the first member of the polyether group to be manufactured in large quantities and to be used as a commodity chemical in various industrial fields. The most common hydrophilic moieties in the nonionic surfactants are ethylene oxide polymers. The majority of PEGs produced are used in the production of nonionic surfactants, very important groups of industrial products with applications from domestic detergents to agrochemicals, food emulsifiers and other industrial preparations. These products should ultimately constitute a significant burden on domestic and industrial wastewater systems. Therefore, their biodegradability characteristics have been observed over the past 50 years. Because of low toxicity and skin irritation, PEGs are widely used in the pharmaceutical industry in the preparation of ointments, suppositories, tablets, and solvents for injection, and also for the preparation of cosmetics such as creams, lotions, powders, cakes, and lipstick. They are also used as intermediates in the production of resins such as alkyd resin and polyurethane resin, and as components in the manufacture of lubricants, antifreeze agents, wetting agents, printing inks, adhesives, shoe polish, softening agents, sizing agents, and plasticizers. Furthermore, this material has been used in making resin gels to immobilize enzymes or microbial cells and in the chemical modification of enzymes. Although PEGs appear to be metabolically inert and nontoxic, they are sulfated in vitro by the rat and guinea pig liver, 8) and repeated topical application of a PEG-based antimicrobial cream to open wounds in rabbits and burn patients has been found to cause a syndrome related to the metabolism of PEGs to various compounds, including mono-and diacids. 9) Furthermore, the possibility that PEG 400 and PEG oligomers are toxic has also been suggested. 10) Biodegradation of PEG might pose an additional risk due to metabolite production. Chemically unsubstituted PPG is used in solvents for drugs and in paints, lubricants, inks, and cosmetics, but is mostly transformed to polyurethanes or surface-active agents.
PBO is an oily material used in sizing agents, cleaning agents, and dispersants. PTMG is used exclusively as a constituent of polyurethane. In principle, the properties of polyethers impose large constraints on enzymatic degradation. Since it is a large molecule, as required by most applications except in cases in which extracellular enzymes are used for degradation, the membranes of the organism form a barrier against substrate uptake, and the size of the active site of the enzyme attacking the polymers must be rather large. PEG has a random coil formation. PEG includes average two-three water molecules bound per ether group when dissolved in water, making a bigger molecule (more than twice MW of PEG) and occupying a bigger space than PEG. 11, 12) The alcohol groups at the termini are randomly distributed in the space taken up by the macromoleculewater complex, making it difficult for the enzyme to attack the termini. This is a characteristic common to all polyethers.
PEGs with different MWs have been produced and have been used in industrial and domestic applications for more than 60 years. Some of them are included as non-toxic and biodegradable segments of copolymers, and their larger parts are transformed into neutral detergents and liberated into streams after use. Various types of PEG-degraders that are able to assimilate a variety of molecular sizes have been isolated since the first report of PEG 400 by Payne et al. 4) Although PEGs with an MW higher than 1,000 were long considered to be bioresistant, those up to 20,000 or more have since been found to be biodegradable. PEGs with a high MW, from 4,000 to 20,000, are assimilated by a limited number of species: Pseudomonas aeruginosa (up to 20,000), 13) soil bacteria (up to 6,000), 14) Pseudomonas stutzeri (up to 13,500), 15) and Sphingomonas species (up to 20,000); the strains were originally identified as Flavobacterium species. 16) Sphingomonads include sphingolipids in their outer membranes instead of the lipopolysaccharides found in most Gram-negative bacteria. Various lipophilic xenobiotic-assimilating bacteria are included in this genus. 17) Although a barrier against the macromolecules might exist for the assimilation of polyethers, the characteristic membrane structures of this genus are perhaps correlated with the uptake of large PEG by the membranes. This is partly confirmed by findings that Rhodopseudomonas acidophila M402 is able to oxidize PEGs up to a certain limit of size via its alcohol dehydrogenase, but cannot grow on these compounds; 18) in addition, cell-free extracts of PEG 400-, 1,000-and 4,000-utilizing bacteria can dehydrogenate higher PEGs (6,000 and 20,000) that cannot be utilized as sole carbon and energy sources. 19) Most recently, a Gram-positive actinomycete, Pseudonocardia sp. strain K1, originally isolated as a tetrahydrofuran degrader, was also found to grow on PEG 4,000 and 8,000. 20) Since this is the only Gram-positive bacterium known to grow on PEG, it would be interesting to see whether the actinomycete uses the same metabolic pathway and system for taking large PEGs into its cells.
We have isolated various PEG-utilizing bacteria with various degradabilities towards PEG 400-20,000. These PEG-degraders can assimilate PEG 20,000 as the maximum MW, and this record still stands with Pseudomonas aeruginosa 13) among aerobic degraders, although a higher MW of PEG has been digested by anaerobic bacteria. 21) Further, isolates able to degrade PEG 4,000 and 20,000 were identified as Sphingomonads, and based on the newest taxonomy, they have been renamed and designated type species of Sphingopyxis macrogoltabida and Sphingopyxis terrae respectively. 22) Another focus of PEG degradation studies is the biochemical mechanism of degradation. Several reports have suggested different mechanisms, 7) but the most probable metabolic pathway is an exogenous metabolic one based on repeated oxidation steps. PEG is oxidized by alcohol dehydrogenases linked with a dye or NAD. PEG-dehydrogenases (PEG-DHs) from PEG-utilizing Sphingomonads have been cloned and characterized as FAD-including alcohol dehydrogenases. 23, 24) PEGaldehyde dehydrogenase was cloned from PEG-utilizing Sphingomonads and characterized as a NADP-containing nicotinoprotein PEG-aldehyde dehydrogenase, 25) the first report of a nicotinoprotein aldehyde dehydrogenase. All the metabolic enzymes included in PEG degradation have been localized in the membrane and are thought to work in the periplasm, in accordance with the fact that PEG and its metabolites were detected in the periplasmic fraction (unpublished data), suggesting that PEG is taken up into the periplasm and metabolized there. We cloned the genes involved in PEG degradation, and found that the peg operon consisted of five genes and was expressed by PEG through induction of an araCtype regulator, [26] [27] [28] as shown in Fig. 2 . This was the first report on the regulation of degradative genes by a macromolecule. Two genes coding PEG-DH and PEGaldehyde dehydrogenase are involved in the peg operon. A gene coding acyl-CoA synthetase in the peg operon was expressed and the recombinant enzyme was found to react with PEG-carboxylate to form PEG-carboxylate-CoA. 28) Judging from the nature of this kind of protein (located on the cytoplasmic membrane as a translocator), the enzyme might be responsible for the translocation of PEG-carboxylate from the periplasm into the cytoplasm or for the detoxification of strong acidity of the substrate. Since glutathione S-transferase (a gene coding this enzyme is located in the downstream of the peg operon) is localized in the cytoplasm and suggested to buffer the toxicity of PEG-carboxylateCoA, 29) the role of acyl-CoA synthetase might be to buffer the toxicity of PEG-carboxylate (perhaps a low molecular size) together with glutathione S-transferase. Other two genes code proteins related to transport, TonB-dependent receptor and permease respectively. Since TonB-dependent receptor forms the -barrel structure and is localized in the outer membrane, this is a candidate for a transporter of PEG, but this still awaits further evidence. Permease is homologous to glycoside cation symporters localized in the cytoplasmic membrane and might be a transporter for small PEG molecules or their metabolites produced in the periplasm. The ether bond-splitting enzyme involved in the PEG metabolism was perhaps a glycolic acid oxidase or glycolic acid dehydrogenase active on carboxylated PEG. 30, 31) A gene coding PEG-carboxylate dehydrogenase was detected in the downstream region of the peg operon, and was found to be involved in PEG metabolism. 29) In addition, superoxide dismutase cloned from PEG-utilizing Pseudonocardia sp. strain K1 showed ether-bond-cleaving activity for carboxylated PEG. 32, 33) These results and other reports 34) suggest that an ether bond is split by various types of enzymes, including monooxygenase, ether hydrolase, carbon-oxygen lyase, peroxidase, laccase, and glycolate oxidase in aerobic bacteria. This finding conflicts with the fact that metabolic enzymes in general evolved from an ancestor enzyme capable of recognizing a homologous chemical structure, and are therefore grouped into the same family.
In parallel with PEG degrading bacteria, we isolated PPG-and PTMG-utilizing bacteria. 35, 36) PPG with an MW of up to 4,000 was assimilated. Distinct degradation of PTMG was limited to oligomers up to octamer, since PTMG is insoluble in water and is used exclusively as a constituent of polyurethanes, but oligomers up to octamer can be washed out with water as impurities from polymers, and are found in wastewater. The first attack on PPG and PTMG was considered to be dependent on dehydrogenases. 36, 37) The presence of several different PPG dehydrogenases (PPG-DHs), localized in the membrane, the periplasm, and the cytoplasm respectively, has been suggested for PPGutilizing Stenotrophomonal maltophilia, 37) from which pyrroloquinoline quinone (PQQ)-dependent PPG-DH was purified and characterized as a type-I quinoprotein dehydrogenase, localized in the periplasm. 38) Later, cytoplasmic NAD-dependent PPG-DH was characterized and hypothesized to work on low molecular sizes of PPG in the cytoplasm. 39) This is different from the only membrane-bound PEG-DH suggested for PEG-degrading Sphingomonads. PPG might have more affinity with phospholipids, which are the main constituents of the cytoplasmic membrane, and oligomeric PPGs probably can traverse the cytoplasmic membrane and are metabolized in the cytoplasm. 40, 41) Oligomeric PPG might express genes related to PPG metabolism. [42] [43] [44] Historically, PVA has been produced on an industrial scale by the hydrolysis of poly(vinyl acetate), since a vinyl alcohol monomer cannot exist due to tautomerization into acetoaldehyde. PVA are widely used due to its excellent physicochemical properties, especially for fabric and paper sizing, fiber coating, adhesives, emulsion polymerization, films for packing and farming, and the production of poly(vinyl butyral). Maximum production of PVA amounted to about 1,250 kt in 2007 (http://www.sriconsulting.com/CEH/Public/Reports/ 580,1810), the top volume in the total volume of synthetic water-soluble polymers produced in the world, and consumption between the years 2006 and 2011 is expected to increase annually at an overall rate of about 2.5%. Large quantities of PVA are poured into water systems each year, especially when used in paper and textile mills. PVA might be the only polyvinyl-type synthetic polymer that is biodegradable. The history of PVA biodegradation goes back over 70 years, since the first report of degradation by Fusarium lini B.
Polyvinyl alcohol
5) Suzuki et al. (1973) 45) reinitiated extensive studies of PVA biodegradation, followed by Watanabe et al. 46) A variety of microorganisms with the ability to assimilate PVA have been reported. Most PVA-degraders are Pseudomonads or Sphingomonads, but they range across Gramnegative and Gram-positive bacteria and fungi. 44) The main metabolic route is based on two steps. The first is either (i) oxidation of two adjacent hydroxyl groups leading to -diketone structures, or (ii) the oxidation of one hydroxyl group, yielding monoketone structures. Based on the products of the first step of PVA degradation, there are two possible pathways for the second step: either hydrolysis of -diketone structures of oxidized PVA (oxiPVA) by a -diketone hydrolase (oxiPVA hydrolase) or the aldolase reaction of the monoketone structures of oxiPVA. We cannot rule out the possibility of an aldolase reaction, but diketone structures are surely the main products of PVA degradation. 44) Since diketone structures are non-enzymatically hydrolyzed, the oxidation process for the degradation of PVA is the most important. Penicillium sp. appears to utilize the metabolic pathway proposed above in the bacterial degradation of PVA. 47) The two-step degradation of PVA was confirmed by the genetic structure of the pva operon in Sphingopyxis sp. 113P3, 48) which consisted of three genes encoding oxiPVA hydrolase, PVA dehydrogenase (PVA-DH), and cytochrome c, as shown in Fig. 3 . Cytochrome c has been suggested to be a natural electron acceptor for PVA-DH in vivo.
49) PVA-DH is a member of the type-II quinohemoprotein alcohol dehydrogenases, 50) but the position of the amino acid sequences for the hemebinding domain and superbarrel domain found in this family are the reverse of those of the other members. This is considered significant in terms of the ability of PVA-DH to react with a macromolecule such as PVA. Unfortunately, a non-quinohemoprotein PVA oxidase has not yet been cloned. PVA-DH was reported to be constitutive, as opposed to PVA oxidase, which was PVA-inducible, but we found that the pva operon was constitutively expressed, although its expression was promoted with PVA. 51) We confirmed that PVA was taken up through the outer membrane 52) and accumulated in the periplasm (unpublished data), where the three enzymes are located. How PVA regulates the expression of the pva operon and the size required for induction remains to be determined. In a megaplasmid, the presence of the pva operon is similar to that of a peg operon, 27) which promotes the acquisition of degradation ability, resulting in a wide distribution of the operon among different species. In fact, the widely distributed PEG-DH gene (AB196775) of S. macrogoltabida strain 103 has been detected in newly isolated PEG-degraders, including S. macrogoltabida, S. maltohilia, Pseudomonas sp., and Sphingobium sp., and shows 99% identity with the original. 53) Although the TonB-dependent receptor-like gene and the permease-like gene are included in the peg operon, no gene that might be related to translocation of a polymeric compound is included in the pva operon, 51) although its expression is clearly promoted by the presence of PVA, which necessitates regulation of the pva operon by PVA or its metabolite. On the other hand, morphological changes in the cell surface occur upon exposure to PVA. 52) Hence, on the basis of PEG and PVA degradation studies, we can conclude that these operons are regulated by macromolecules and require a specific transport system for inducer macromolecules.
Polyacrylate 54)
This ''acrylic polymer'' commonly includes a variety of homo-and copolymers of acrylic and methacrylic acids and their esters. After World War II, the demand for this family of acrylic polymers expanded rapidly, and numerous applications depended on the specific polymer structure, molecular weight, and composition. Among acrylic polymers, PAA is a linear homopolymer of acrylic acid and its salts. Due to the presence of a large number of carboxyl groups, PAA dissolves in water and has a large share of the water-soluble speciality polymer market. The polymer is currently used in detergent builders, pigment and filler dispersants, and flocculants in water treatment. After use, PAA is usually disposed of in sewage and water bodies, e.g., streams, rivers, and lakes. As has been described for PEG and PVA, molecular size signifi-cantly affects its susceptibility to biodegradation. The MW of commercially available PAA ranges from approximately 100 to several million. High MW PAA is predicted to be either non-or slightly biodegradable, but when practically applied, it is removed by precipitation and disposed of in its solid form by incineration or in a landfill. In addition, when exposed to UV light, high Mw PAA in a dilute solution (less than 1%) is photochemically decomposed into smaller fragments that are biodegradable. Ozonization can also lower the MW of PAA. Hayashi concluded that even high MW PAA can be finally biodegraded after physicochemical treatment. 55) What, then, does MW have to do with the environment? By adsorption to sewage sludge and precipitation in the form of polymer-calcium complexes or by coagulation-flocculation with aluminium chloride or ferric chloride, more than 90% of the polymers with MWs of tens of thousands are removed from the water and 45-60% of the polymers with MWs of 3,000-4,000 are removed. Sand-column tests have shown that PAA with a MW greater than about 3,500 is strongly adsorbed to soil particles. 56) Therefore, biodegradability is a prerequisite for PAA with a MW less than about 3,500.
Matsumura et al. 57) did the first study of the biodegradability of acrylic oligomers using activated sludge. They suggested that partial mineralization of PAA with an average MW of 2,000 or 4,500 occurs within 90 d. Hayashi et al. 58) first reported the isolation of a bacterium (Arthrobacter sp.) from soil samples that is capable of assimilating the acrylic oligomers up to a heptamer. Kawai 59) also reported three bacterial strains that assimilated acrylic trimer, and showed metabolic activity towards PAA (MW 1,000-4,500); they proposed an aerobic metabolic pathway for PAA degradation based on a -oxidation form of metabolism. 60) PAA with a MW of less than 1,000 can be biodegraded to a considerable extent by activated sludges. 61) Hayashi et al. A, The operonic structure of three genes; B, The expression of three genes in PVA and glucose media. Symbols: oph, oxiPVA hydrolase gene; pvaA, PVA-DH gene; cytC, cytochrome c gene.
that effective decomposition of high MW PAA can be achieved by a combination of physicochemical treatment and microbial degradation. Rittmann et al. 63) found that soluble PAA with a MW of 1 to 100 kD could be mineralized to CO 2 with an anaerobic biomass formed in a sand column. More recently, Doser et al. 64) reported that Pseudomonas sp. isolated from activated sludge was capable of utilizing high Mw PAA (MW, 100 kD) as a carbon source. Iwahashi et al. 65) found that a microbial consortium of several bacterial species degraded PAA with an average MW of 2,100, and they proposed a metabolic pathway similar to the -oxidation pathway identified by Kawai et al. 60) with different metabolites. Hence PAA of a MW lower than 3,500 is considered biodegradable.
4. Poly(amino acid)s and polyamides 66) In nature, proteins and poly(amino acid)s exist as two different types of amino acid polymers. The most critical differences are (i) that the former is a random polymerization of 20 amino acids and the latter a polymer of a single amino acid, and (ii) the synthesis of proteins is ribosome-dependent and forms an -amino--carboxyl peptide linkage while that of poly(amino acid)s is ribosome-independent, is catalyzed by peptide synthetases (EC 5.3.2.-), and forms other linkages, including -and -carboxyl groups as well as "-amino groups. Theoretically, poly(amino acid)s can be biosynthesized from acidic and basic amino acids with a free amino or carboxyl group that is not used in peptide bonds, such as glutamic acid, aspartic acid, lysine, histidine, and arginine. Naturally occurring poly(amino acid)s include poly(-glutamic acid) (-PGA), poly("-L-lysine) ("-PL), and cyanophycin (cyanophycin granule polypeptide (CGP)). The CGP molecular structure is related to that of PAS, and unlike synthetic PAS, it is a comb-like polymer with -amino--carboxyl-linked L-aspartic acid residues representing the poly(-L-aspartic acid) backbone and L-arginine residues bound to the -carboxylic groups of aspartic acids. A charged polypeptide composed of repeated oligomeric arginine and histidine units has been identified in the ergot fungus Verticillium kibiense. 67) Poly(amino acid)s occur in various molecular sizes and are generally polydisperse, whereas proteins are monodisperse. These poly(amino acid)s have a poly(ionic) nature and are generally water soluble; they can be used in many applications. PAS and nylons have been commercialized as synthetic polyamides. The former is used as a biodegradable detergent builder substituting for hardly biodegradable PAA. Nylon is a solid polymer used in films and fabrics, for example, and is non-biodegradable. However, oligomeric byproducts from a factory producing nylon can be biodegraded, as described below.
PAS is not a naturally occurring poly(amino acid) and is chemically synthesized, principally by thermal polymerization. This produces a branched PAS comprising and -carboxy-linked poly(D/L-aspartic acid). PAS has the same chelating ability as PAA due to the presence of the same carboxyl groups on the polymer chain, and thus it is expected to be a suitable substitute for PAA due to its higher susceptibility to microbial degradation. Since branched PAS is less biodegradable than straight-chain PAS, development of it with little or no branching is expected. Recently, Soeda et al. found that -poly(D/Laspartic acid) with molecular weight of up to 3,700 Da can be synthesized from diethyl L-aspartate in organic solvents using a Bacillus subtilis protease as catalyst. 68) In nature, only aspartic acid-rich polypeptide sequences have been found. For example, these regulate the formation of calcite crystals in sea shells. 69) In view of the structural similarity between CGP and PAS, alternative degradation mechanisms for CGP initiated by hydrolytic -cleavage leading to the release of free arginine from CGP are desirable for the formation of straight-chain PAS, for which many technical applications are known, but this has not been reported. A PAS peptide comprising 20 aspartic acids is secreted by an engineered B. subtilis, WB600/pBE92. 70) Tabata et al. 71) isolated Pedobacter sp. KP-2 and Sphingomonas sp. KT-1, which degrade high MW linear PAS completely to low MW products in their mixed culture. The former endogenously hydrolyzes PAS of masses between 5 and 15 kDa to aspartic oligomers, whereas the latter completely degrades exogenously PAS with masses below 5 kDa to aspartic acid monomers. PAS-hydrolyzing enzymes (hydrolase-1 and hydrolase-2) have been purified from cell extracts of strain KT-1. [72] [73] [74] Hydrolase-1 specifically cleaves the bonds between the , -amide units of thermally synthesized PAS endogenously to aspartic oligomers. The deduced amino acid sequence of hydrolase-1 is similar to that of the catalytic domains of polyhydroxyalkanoate (PHB) depolymerases from Alcaligenes faecalis AE122 and Pseudomonas lemoignei.
73) Hydrolase-2 exogenously hydrolyzes -oligo(L-aspartic acid) to aspartic acid and shows similarity to a putative peptidase. 74, 75) The recombinant hydrolase-1 from strain KP-2 is similar to hydrolase-1 from strain KT-1.
76) The exact depolymerization mechanism of this polymer is ambiguous because the localization of enzymes, whether in the periplasm or in the cytoplasm, remains obscure, unlike that of PEG and PVA, as described above.
Nylons, synthetic polyamides, and are one of the most successful commercialized plastics; they are widely used in producing stockings, fibers, carpeting, ropes, fishnets, and so on. They are barely biodegradable, but nylon oligomers occurring as byproducts during the synthesis of nylon can be biodegraded by microorganisms. Linear and cyclic oligomers of "-aminocaproic acid (byproducts of nylon-6 manufacturing) are assimilated by Flavobacterium sp. KI72 and Pseudomonas sp. NK87, 77, 78) which utilize them as their sole carbon and nitrogen sources. Three enzymes are associated with the degradation of the oligomers: (i) 6-aminohexanoatecyclic-dimer hydrolase (NylA), 79) (ii) 6-aminohexanoate-linear-dimer hydrolase (exo-type), which degrades the dimer-hexamer to 6-aminohexanoate (Nyl B), 80) and (iii) an aminohexanoate-oligomer hydrolase (endo-type) (NylC), which is responsible for the cleavage of cyclic and linear oligomers with more than 3 subunits into linear dimers. [81] [82] [83] Genes for three hydrolases were encoded on one of the plasmids in strain K172. 81, 84) Negoro and co-workers have confirmed that nylon oligomer-degrading enzymes can be obtained through experimental evolution from a non-degrader, 85) and they have found that a mutant of a carboxyesterase with a -lactamase fold with weak activity has acquired greater affinity and catalytic efficiency for the substrate. 86) They isolated novel alkanophilic nylon oligomer-degrading bacteria, Agromyces sp. KY5R and Kocuria sp. KY2, and found that the genetic organization of the nylonoligomer-degrading enzymes is similar to that of strain K172, albeit with some rearrangements. 87, 88) These results indicate that microorganisms rapidly evolve by random mutagenesis of existing genes, and that these occasionally cause variations in the catalytic properties of the respective encoded enzymes and make possible adaptation to synthetic polymers newly introduced into the environment. However, the mutation rate is not the same for all synthetic polymers, since polyethylene or polypropylene are only slightly biodegradable, although they have been used for approximately the same period of time as nylon. Negoro's group also explained the catalytic mechanisms and evolution of enzymes from the ancestor enzymes NylB and NylA, based on X-ray analysis of crystallized enzymes. 89, 90) "-Caprolactam is a starting material for nylon-6 manufacturing, and is assimilated by a P. aeruginosa strain. 91) A thermophilic bacterium, Geobacillus thermocatenulatus, has been suggested as a possible degrader of nylon-12 and 66 but not nylon-6, 92) but its enzymes have yet to be characterized.
Symbiotic degradation of xenobiotic polymers
Since the first report of PEG degradation by a symbiotic mixed culture, 16, 93) many cases of symbiotic degradation of xenobiotic polymers have been reported: (i) Symbiotic degradation of PEG was reported with a PEG-assimilating mixed culture consisting of the PEGdegrader Sphingopyxis terrae (formerly Sphingomonas terrae, which was reclassified as Flavobacterium sp.) and a concomitant associate (Rhizobium sp., Agrobacterium sp., or Methylobacterium sp.). 94, 95) Although S. terrae is the main degrader and possesses all the enzymes necessary for the metabolism of PEG, it cannot grow on PEG as a single culture. Only mixed cultures of the strain with an associate (where S. terrae is dominant) show desirable growth on PEG (Fig. 4) . 96, 97) The role of the concomitant associate in the symbiotic mechanism is based on detoxification of a toxic metabolite glyoxylate from PEG. (ii) Symbiosis of two strains is a prerequisite for the degradation of a PEG 4,000 or 6,000-isophthalate copolyester. 97, 98) The ester bond is cleaved by an esterase produced by Comamonas acidovorans N2. PEG 4,000 or 6,000 and phthalic acid, which are produced by this reaction, are assimilated by Sphingopyxis sp. strain K1 or N6 (PEGdegrader) and C. acidovorans N2 (phthalate-degrader with an esterase) respectively. This is an example of different strains sharing metabolic processes. (iii) Different symbiotic mechanisms for PVA degradation are known. 44) The first is a PVA-degrading symbiotic mixed culture consisting of a PVA-degrader, Pseudomonas sp. VM15C, and a PQQ-producing strain, Pseudomonas sp. 99, 100) Here, PQQ is a cofactor of PVA-DH. This is a typical trophic symbiosis, in which one strain provides a growth factor for another strain that has metabolic enzymes for the target compound, but cannot produce a growth factor at the same time, viz., a cofactor for PVA-DH. Another example is the symbiotic degradation of PVA by Sphingomonas sp.
SA3
101) and a growth factor producer. This mechanism is probably similar to that of Pseudomonas sp. VM15C. Different symbiotic mechanisms of PVA degradation were observed in a mixed culture of Bacillus megaterium BX1, a symbiont PV19, and Geotrichum fermentans WF9101. 102) Strain PV19 was necessary for strain BX1 to grow on PVA, but the growth rate of the mixed culture was low and vinyl alcohol oligomers accumulated in the culture supernatant, which were assimilated by strain WF9101. The mechanism was a , viable cells of S. terrae indicated on a 10 9 scale; , viable cells/ml of Rhizobium sp. indicated on a 10 8 scale.
combination of trophic symbiosis and shared metabolism by PVA-oxidizing enzymes, which act on different MW PVAs. Furthermore, a different symbiotic mechanism has been suggested for a mixed culture of Microbacterium barkeri KCCM 10507 and Paenibacillus amylolyticus KCCM 10508, which can grow well as a mixed culture on PVA at pH 5. 103) (iv) PAA can also be degraded by a single culture, L7-A, or by a mixed culture, L7-B, of three bacteria, but the coexistence of L7-A and -B promotes degradation of PAA.
62) The underlying mechanisms of PAA degradation by L7-B remain unknown. When cultivated on PAA with MW 1,000, L7-B accumulates lower MW-products, but L7-A does not. This can be explained by different substrate specificities of the metabolic enzymes towards PAAs with different MWs. The symbiosis of L7-A and B appears to be similar to that of a mixed culture of Bacillus megaterium BX1, a symbiont PV19, and G. fermentans WF9101, which degrades PVA.
102) (v) Pedobacter sp. KP-2 degrades high MW PAS and accumulates low MW PAS in the culture supernatant; Sphingomonas sp. KT-1 uses these for its growth and the final result is complete degradation of PAS by the mixed culture. 71) These differences in the assimilation of polymers and oligomers are probably due to different substrate specificities of the metabolic enzymes or to different uptake systems in the outer membranes of different microorganisms.
Microbial degradation of xenobiotic polymers, then, has revealed the importance of microbial symbioses for material recycling in ecosystems. These examples are not astonishing, because xenobiotic polymers were introduced into our ecosystem only 50-60 years ago. Enzymes capable of metabolizing xenobiotic polymers had to evolve from prototype enzymes that recognize natural compounds and work on xenobiotic polymers by spontaneous mutation and selection under environmental pressure. Since more than a few steps are necessary to complete every metabolic pathway, adaptation had to be accomplished via all the steps. In addition, requirements for cofactors, optimum pH, and so on must also be considered. The possibility of one microbe accommodating all the adaptations and requirements is likely to be low over the short period of time that has elapsed since the introduction of xenobiotic polymers. This has resulted in the collaboration of multiple microbes (mixed culture).
6. Anaerobic biodegradation 1, 2, 44, 54) Anaerobic biodegradation of PEG has been well investigated as compared to other polymers. Schink et al. reported that higher MW PEG (up to PEG 40,000) is degraded by anaerobes rather than by aerobes. 21, 104) They proposed an anaerobic metabolic route for PEG, and suggested that acetaldehyde is produced from PEG by a diol dehydrase-like enzyme (PEG acetaldehyde lyase), but they failed to purify the enzyme. 21, 105) Schink's group also demonstrated conversion of 2-phenoxyethanol to phenol and acetaldehyde, in a way similar to a diol dehydrase reaction, by a strictly anaerobic Gram-positive bacterium, Acetobacterium strain LuPhet1, but could not rule out an alternative pathway for the production of acetaldehyde.
106) Dwyer and Tiedje obtained a methanogenic consortia from sewage sludge that degraded ethylene glycol to PEG 20,000. 107) In addition, Alcaligenes faecalis var. denitrificans TEG-5, the first PEG-degrader able to degrade PEG under aerobic conditions, 108) displayed PEG degradation under anaerobic nitratereducing conditions.
Only a few reports are available on anaerobic biodegradation of PVA. No anaerobic PVA-degrading microbe has yet been isolated, but river sediments and anaerobically preincubated-activated sludge have been found to degraded PVA.
109) The anaerobic biodegradation rate of PVA is low and is influenced by its MW, unlike the biodegradation of PVA under aerobic conditions. Rittmann et al. 63) reported that a mobile fraction of a soluble acrylate polymer with a Mw of 16,700 was partially biodegraded by a methanogenic biofilm that formed in a sand column. In general, the degradation rate under anaerobic conditions is lower than under aerobic conditions. Since most wastewater, including activated sludge, can be treated with aerobic systems, aerobic metabolic systems and aerobic microorganisms are very important for the degradation of xenobiotic polymers, but some fragments of the polymers enter anoxic environments after use. Detailed study of anaerobic degradation is a task that should be completed in the future. Although the degradation mechanisms are still unknown, we can predict that different mechanisms are used in the case of anaerobic processes.
Non-metabolic degradation
The first report on the degradation of synthetic polymeric materials by lignin-degrading fungi described the degradation of nylon-6 and -66 by white-rot fungi, including an isolate (IZU-154) and stock cultures; 110) nylon-degrading activity is based on oxidation by manganese peroxidase and is closely related to the lignolytic activity of fungi. 111) Larking et al. 112) found that the degradation of PVA was promoted by a combination of treatments with Fenton's reagent followed by biological degradation, probably by laccase produced in the culture supernatant of the white-rot fungus Pycnoporus cinnabarinus. Another lignindegrading white-rot fungus, Phanerochaete chrysoporium, excreted lignin peroxidase, which promoted the degradation of PVA chains through the formation of carbonyl groups as well as double bonds. 113) A substantial decrease (approximately 80%) in average MW was observed. Since the carbon chain of oxidized PVA is readily cleaved through non-enzymatic processes, strong oxidation of PVA either by an oxidizing enzyme or by a Fenton reaction leads to cleavage of the main carbon chain and yields oligomeric materials. Oligomers are generally biodegradable, as are oligomeric ethylene, styrene, and isoprene, although their polymers are non-biodegradable. 1) On the other hand, the brown-rot fungus Gloeophyllum trabeum secretes quinones 114) that reduce Fe 3þ and produce H 2 O 2 , resulting in an extracellular Fenton reaction degrading PEG. Thus, brown-and white-rot fungi can play a significant role in the recycling of materials in the environment, and their degradation-related enzymes have potential applications in the treatment of polymer wastes and wastewater.
III. Biodegradation of Plastics
Plastics are generally very resistant to environmental influences such as humidity and microbial attack, 115) 117) Here I introduce our work on the biodegradability of PEwax, aliphatic-co-aromatic polyester, and PLA.
Polyethylene wax
Polyethylene (PE) is regarded as a chemically inert polymer due to various factors, such as its long degradation time. Early studies of the biodegradation of PE by Albertssonn et al. 118) indicated that the biodegradation of PE is affected by various factors: preliminary irradiation from a UV source, the presence of photodegradative enhancers, morphology and surface area, additives, and MW. By measuring 14 CO 2 generation, they showed that the degradation of PE proceeded very slowly. Scot 119) had concluded in 1975 that an attack on PE by microorganisms is a secondary process. The first process in the degradation of PE is an oxidation process that reduces the MW of the molecule to the level required for biodegradation to occur. Based on this theory, he developed the so-called Scott-Gilead process 120) to enhance the oxidation of PE molecules. Potts and his collaborators 121) found that linear paraffin molecules (approximately below MW 500) are utilized by several microorganisms. Otake et al. 122) reported remarkable degradation of low density PE thin films buried under soil for over 32 years, but reported no data on molecular sizes. We have tested the microbial degradation of low-density PE capsules enhanced by the 3% w/w Scott-Gilead system. PE includes photoactivators such as iron acetyl acetonate and nickel dibutyldithiocarbamate).
123) The capsules were kept outdoors for several years and were used as photodegraded PE (PDPE) that was fragmented perhaps through a pathway similar to that of the Norrish reactions.
124) PDPE and commercial PEwax (Mw ¼ 1;290) were used as sole carbon and energy sources for the soil microorganisms (154 field soil samples). 123) Several consortia grew on PDPE or PEwax, and were confirmed to have degraded by weight loss or gel permeation chromatography (GPC). Based on the GPC pattern, appreciable degradation was found in PEwax up to approximately 3,000 Da. On the other hand, manganese peroxidase produced by a white-rot fungus strain, IZU-154, also nonspecifically degraded PE as well as Nylon 66.
125)
2. Aliphatic-co-aromatic polyester Polyesters are classified into three groups; aliphatic, aromatic, and aliphatic-co-aromatic. There are many reports of enzymatic and microbial attack on aliphatic polyesters. The polyesters are gradually hydrolyzable in water and are susceptible to enzymatic attack by lipases in general, but their degradation rate is dependent on their chemical structure or the melting point. Aromatic polyesters such as polyethylene terephthalate (PET) are practically non-biodegradable, although two papers reported that cutinases can hydrolyze PET with low crystallinity. 126, 127) The addition of aliphatic groups to aromatic polyesters endows them with advantageous physicochemical properties for practical use together with biodegradability characteristics. They can be used as a film or coating for disposable packaging of food (for example, bowls, plates, cups, sandwich wraps, and clamshell sandwich containers), and can be biodegraded in compost. Since the aromatic group is typically terephthalic acid, the physical properties of the plastics are determined by the type and content of the aliphatic groups. The biodegradation of aliphatic-aromatic copolyesters has been extensively studied by a group in Germany 115) that used Ecoflex (a copolymer of 1,4-butane diol, dimethyl terephthalate, and adipic acid) as the target polyester. Biodegradation of Apexa Ò (formerly Biomax Ò , consisting of terephthalic acid, ethylene glycol, and an undisclosed component that ensures compostability) has also been studied in a bioreactor maintained at 58 C, inoculated with compost tea 128) and in compost. 129) Microorganisms able to colonize on Luria-Bertani agar plates containing the polyester (Apexa Ò 4026) at 50 C were directly isolated from composted films.
130)
Actinomycetes accounted for approximately 70% of the total isolates, and were categorized into the genera Streptomyces, Thermobifida, Saccharomonospora, and Thermoactinomyces. Members of the Bacillus group accounted for approximately 30% of the total isolates, and were categorized into the genera Bacillus, Ureibacillus, and Aneurinibacteria. We selected Thermobifida alba AHK119 for further work, since it was the strongest degrader of the copolyester and polycaprolactone (PCL). T. alba AHK119 degraded the particles of Apexa 4026 and 4027 and produced terephthalic acid in the culture supernatant. We cloned a gene coding a 300-amino acid protein, Est119, which belongs to an esterase-lipase superfamily (serine hydrolase). The highly conserved -G-X-S-X-G-serine hydrolase sequence was defined as -G-H-S-M-G-in Est119, and Ser129, His207, and Asp175 were identified as a catalytic triad. The predicted stereochemistry was generated using GENO3D Release 2 and Accelrys DS Visualizer V2.01 of the putative catalytic triad in Est 119, which is identical to that of a lipase from Streptomyces exfoliatus M11 (PDB accession no. 1JFR). The mature protein is a single polypeptide chain made up of 266 amino acids. The sequence encoding the mature Est119 protein was cloned into pQE80L to create expression vector pQE80L-est119. The recombinant protein harboring an N-terminal hexahistidine tag was expressed in E. coli Rosetta-gami B(DE3). The transformed cells produced an approximately 30 kDa protein when induced with 0.1 mM isopropyl--D-thiogalactopyranoside. The puri-fied Est119 is a monomeric protein with a molecular mass of 30 kDa. Arpigny and Jaeger 131) compared 53 sequences of bacterial lipases and esterases and classified them into eight families according to conserved sequence motifs and similar biological properties. S. exfoliatus M11 lipase belongs to family III. We propose that since Est119 of T. alba strain AHk119 is most homologous to the M11 lipase, it also belongs to family III. Family-III lipases have a canonical fold of /-hydrolases and contain a typical catalytic triad for serine hydrolases. The 3D structure of the S. exfoliatus M11 lipase has been well characterized. 132) We have practiced 3D modeling of Est119 based on the known 3D structure of the M11 lipase to characterize it further and to create a super enzyme able to recognize a wide range of polyesters, including aromatic ones, by mutating the enzyme based on the 3D structure. This work is ongoing.
From the data obtained to date, we have concluded that Est119 is a thermoactive esterase 130) that can act on aliphatic-aromatic copolyesters. The enzyme shares 84% identity with a hydrolase for an aliphatic-aromatic copolyester from Thermomonospora fusca fusca (now Thermobifida fusca) DSM43793. 133, 134) There are only two enzymes of the genus Thermobifida that work on aliphatic-aromatic copolyesters. The enzyme of strain DSM43793 exhibits catalytic behavior between that of a lipase, and an esterase and is classified as a cutinase. Both Thermobifida strains are major Actinomycetes components within composts and might contribute to the biological recycling of aliphatic-aromatic copolyesters. More detailed enzymatic profiles of both proteins require further study.
3. Poly(lactic acid) 135) Chemical synthesis of PLA dates back to 1932, when Carothers first synthesized PLA of approximately 3,000 Da. In the 1960s, PLA found use in the medical field as a bio-absorbable material. Since the latter half of the 1980s, plastic waste has caused public concern due to its negative impact on the environment, and recently rising costs and the limited availability of crude oil has turned more attention toward alternative sources. This trend has returned attention to PLA as a bio-based material capable of replacing oil-based materials. PLA is chemically synthesized from lactic acid, a representative of fermentation products from plant resources, and hence is defined as a biomass plastic. The biodegradability of biomass plastics is not a primary focus, since the CO 2 released from PLA by combustion is thought to equal the CO 2 absorbed by plants, yielding zeroemission of CO 2 . Hence these plastics are designated ''carbon-neutral.'' However, the biodegradability of PLA has been established since the first report on enzymatic hydrolysis of PLA by William, which described its feasibility for proteases and unfeasibility for esterases. 136) Later, certain lipases and esterases were reported to be able to hydrolyze PLA, but they appear to be active only for low molecular weight polymers or poly(DLlactate) (DL-PLA). There have also been many reports on the microbial assimilation of PLA since Pranamuda et al. first isolated PLA-assimilating Amycolatopsis sp. strain HT-32.
137) Tokiwa and Calabia 138) concluded that most PLA-degrading microorganisms belong phylogenetically to the family Pseudonocardiaceae and related genera, such as Amycolatopsis and Lentzea, in which proteinaceous materials promote the production of the PLA-degrading enzyme. PLA-degrading enzymes of PLA-assimilating microorganisms were purified from different strains of Amycolatopsis at about the same time by two groups 139, 140) and were characterized as proteases. Later, both groups cloned the genes. 141, 142) It is notable that almost all the degradation tests have been carried out using poly(L-lactic acid) (PLLA), and that no information regarding the biodegradability of poly(Dlactic acid) (PDLA) is available, except for the fact that proteinase K hydrolyzed PLLA but not PDLA. 143) Tomita et al. 144) isolated a thermophile, Bacillus stearothermophilus, which grew at 60 C on PLA as sole carbon source.
Actinomycetes, Bacillus, Brevibacillus, and Geobacillus, have been reported to be thermophilic degraders. 135) Since PLA is hydrolyzed at a relatively high rate at high temperatures (>50 C), the question whether the strain excretes a PLA-degrading enzyme or utilizes hydrolyzed products depends on future characterization of their PDLA-degrading enzymes. Mayumi et al. recently cloned three genes encoding PLA depolymerases based on a metagenome derived from compost. 145) One of them coded for a thermostable esterase homologous to Bacillus lipase and showed an ability to bind to DL-PLA powders with molecular masses lower than 20,000. Since the expressed enzyme had no activity on PLLA with molecular masses of approximately 130,000, the enzyme might be able to degrade depolymerized PLA products. It can be surmised that the same mechanism exists in other thermophilic enzymes. A fungus, Tritirachium album ATCC22563, also shows an ability to degrade PLLA, silk fibroin, and elastin; degradation is inducible with gelatin, suggesting the induction of a protease. 146) However, the role of the fungus in degrading PLA in nature is doubtful, since the enzyme was not induced at all in the absence of gelatin.
The degradation of PLA is possible at 30 C, far lower than the glass transition temperature (Tg: approximately 55 C), and is difficult to explain based on the flexibility of the substrate molecular chain, but is understandable because PLA absorbs water and collapses the polymer block, which then becomes available for attack by microbes or enzymes.
Masaki et al. 147) isolated Cryptococcus sp. S-2 for use in wastewater treatment, and found that the strain displayed strong lipase activity. They cloned the gene for a lipase and found that it had higher homology with cutinases (EC 3.1.1.74) than with lipases, which showed stronger degradation ability toward PLA than proteinase K.
Matsuda et al. 141) confirmed that a recombinant PLA depolymerase from Amycolatopsis did not work on PCL or PHB. PHB depolymerase does not act on PLLA, a kind of polyhydroxyalkanoate (PHA), due to differences in the optical activities of the two substrates and in the carbon chain lengths of 2-hydroxyalkanoate and 3-hydroxyalkanoate. Commercially available lipases (esterases) act on DL-PLA, but not on optically active PLLA or PHB, poly(D-hydroxybutyrate). 148) Thus polyester-degrading enzymes are categorized into three groups: PLA depolymerase, PHB depolymerase, and general polyester-degrading enzymes, which also have a variety of substrate specificities towards aliphatic and aliphatic-co-aromatic polyesters. PLA is considered to be one of the third type of polyesters, following synthetic polyesters and PHA, including PHB.
Using the recombinant purified PLA-degrading enzyme from Amycolatopsis sp. K104-1 141) and the recombinant purified cutinase-like enzyme (CLE) from Cryptococcus sp. S-2, 147) we examined enantioselectivity towards PLLA and PDLA.
135) The PLA-degrading enzyme was PLLA-specific. Together with a report on the enatioselectivity of proteinase K 143) and the fact that proteases originally recognize the polymer of L-amino acids, we concluded that protease-type PLA depolymerases are PLLA-specific. On the other hand, CLE acted on both PLLA and PDLA, but the activity was higher on PDLA than on PLLA (it was PDLA-preferential). The enantioselectivity of crude enzymes can be a good indicator in predicting the type of enzyme, either protease or cutinase, which leads to successful cloning of enzyme genes based on the conserved regions of the various groups.
Commercially available true lipases did not act on PLLA or PDLA. True lipases have a lid covering an active site that leads to interfacial activation, 149) but some lipases, esterases, and cutinases have neither a lid nor interfacial activation. To cover an active site with a lid completely, the size of the active site inlet cannot be too big. On the other hand, the inlet of PLA depolymerase must be big enough to accommodate a macromolecular PLA. Accordingly, lipase-type PLA depolymerases are probably not typical true lipases, but esterases (cutinases) without a lid, useful for interfacial activation, and probably possesses an active cavity big enough to accommodate a polymer substrate. Cutin is a rather large molecule with a complex structure.
IV. Mathematical Modeling and Numerical Simulation of Polymer Biodegradation
The difficulties in researching the biodegradation of synthetic polymers are that (i) polymeric materials have average molecular sizes but not definite molecular sizes, causing difficulties in determining their metabolic products; (ii) plastics are solid and insoluble in water or the usual organic solvents, resulting in difficulty in using them as growth substrates for microorganisms or as enzyme substrates; and (iii) the biodegradation rate of some polymers is too low when it comes to supporting the growth of microorganisms as a carbon source. Therefore, evaluation of biodegradability, the biodegradation rate, and determination of the metabolic pathway of polymers are often practically impossible, as is the case with PEwax. PEwax is considered an alkane and is thought to follow a -oxidation-like pathway, as proposed for the metabolism of alkanes. However, since the compound is waxy and has numerous molecular sizes with different minor chemical structures, one can confirm neither the metabolic products from the culture supernatant nor the enzyme activities involved in metabolism using PEwax as substrate, although PEwax appeared to decrease in MW according to GPC analysis after cultivation with microorganisms. 123) In addition, the -oxidation system comprises several steps catalyzed by several enzymes that are present in most living cells related to lipid metabolism. How can one discriminate enzyme activities towards lipids and PEwax? Given the background outlined above, I was led to the idea of evaluating the biodegradability of PEwax by mathematical modeling and numerical simulation based on the observed GPC pattern, and entered into collaboration with a mathematician colleague, Professor M. Watanabe. The actual degradation data are only the GPC results before and after cultivation of PEwax with microorganisms. Professor Watanabe created a mathematical model assuming that degradation of PEwax shows a -oxidation-like mechanism after terminal oxidation to a carboxylic acid. The -oxidation rates and consumption rates of PEwax were numerically determined based on experimental GPC data, and the temporal changes in weight distribution were simulated (Supplemental Movie 1; see Biosci. Biotechnol. Biochem. Web site). The computational results matched the experimental results, confirming our assumptions regarding the biodegradation process, 150) which were based on other examples of PEwax degradation. [151] [152] [153] We expanded the mathematical modeling to PVA, 154, 155) PEG, 156, 157) and PLA. 158) PVA and PEG are watersoluble polymers, and PEwax and PLA are solid polymers. PEwax and PEG are exogenously depolymerized, but PVA and PLA are endogenously depolymerized (Supplemental Movie 2; see Biosci. Biotechnol. Biochem. Web site). The same methodology is applicable to any metabolism when the molecular structure, molecular size, and metabolic pathway are known or can be predicted. The simulation results suggested an intermediate shift in molecular size during the biodegradation process. In the future, presumably one can predict the transition process for any compounds based on the degradation rate and the proposed metabolic route.
V. Concluding Remarks
The degradation of polymers was at first expected to be catalyzed solely by extracellular enzymes, given the assumption that macromolecules are never incorporated into cells, but this was disproved by the periplasmic degradation of PEG and PVA, as described above. These are surely incorporated into the periplasm through the outer membranes of Sphingomonads and are metabolized by periplasmic enzymes, although the mechanism of macromolecule uptake has not been well characterized. Many enzymes related to the microbial degradation of polymers have been elucidated genetically. They show unique features: PEG-DH creates a small branch in GMC flavoprotein oxidoreductases 159) and PEG-aldehyde dehydrogenase was the first nicotinoprotein aldehyde dehydrogenase. Ether bond-splitting enzymes are not catalyzed by ether bond-specific enzymes, but by various divergent enzymes such as monooxygenase, oxidase, dehydrogenase, hydrolase, and lyase. PVADHs form a unique group of quinohemoprotein dehydrogenases. Research on nylon oligomer-degrading enzymes has verified that xenobiotic polymer-degrading enzymes can readily evolve by spontaneous mutation from ancestor enzymes that originally recognized natural compounds analogous to the target polymers.
A PEG-DH gene from a Sphingomonad has been distributed and conserved among different genera in the 35 years since PEG-degrading Sphingomonads were isolated in 1975 and a gene for PEG-DH was cloned in 2001, suggesting a significant role for a large plasmid harboring a PEG-degradative gene cluster in circulation for degradation ability among microorganisms. Since a pva operon is on a large plasmid of Sphingopyxis sp. strain 113P3, the PVA-DH gene and the operon structure have probably been distributed among microorganisms. This strongly suggests that the short history of xenobiotic polymers to date has been sufficient for degrading enzymes to evolve since the prototype enzymes existed and the microorganisms had to adapt to an environment contaminated by xenobiotics. In addition, megaplasmids must have sped up the distribution rate of degrading ability. The existence of Sphingomonads that degrade various xenobiotic polymers, such as PEG and PVA, via intracellular enzymes suggest that they have a means of taking macromolecules into the periplasm as well as metabolic enzymes adapted to respond to these macromolecules. Polymer-degrading microorganisms and their enzymes for polymer degradation have been well described. The many examples of symbiotic polymer degradation appear to suggest that symbiotic degradation occurs in an ecosystem when new artificial compounds are introduced. At the same time, non-metabolic polymer degradation suggests that the ecosystem has the disposal potential and versatility in terms of new artificial compounds.
However, information is still limited with regard to the operonic structures of the genes related to degradation and to the regulation of individual genes and operons, except for those involved in PEG and PVA degradation. The peg operon is expressed in the presence of PEG, but expression is triggered by oligomers having the size of more than tetramer. The pva operon is constitutively expressed, but expression is remarkably enhanced by PVA. The size of PVA that triggers promotion of the pva operon remains to be determined. Since PVA-DH and oxidized PVA-hydrolyzing enzyme are periplasmic enzymes, it is likely that depolymerized oligomeric PVA can be incorporated into the cytoplasm and that it promotes the expression of the pva operon. Extracellular PLA-degrading proteases from PLA-degrading microorganisms have been induced with proteinaceous materials. Since it is probably impossible for hard, solid PLA to penetrate cells, the microorganisms must have selected another strategy for degradation, one that employs extracellular excretion of proteases induced by alanine, analogously to lactate. An aliphatic-co-aromatic polyester-degrading enzyme from T. alba strain AHK119 was also expressed constitutively (unpublished data) as an extracellular enzyme, since the target polyester can never be incorporated into cells. The polyester-degrading enzymes belong to the lipase family and are distinguished from true lipases in that they have no lid covering the active site, which is prerequisite to the interfacial activation, characteristic of true lipases. They must have acquired the ability to recognize and hydrolyze solid macromolecules, but the details of the mechanism are still under study. Thus, microorganisms have employed a variety of adaptation strategies in relation to novel artificial compounds in a short time. Although oligomeric structures are biodegradable, some polymers, such as PE, polystylene, and polyacrylonitrile, are not practically biodegradable. This suggests limitations in the biodegradation of solid polymers with regard to their physicochemical properties, such as MW, Tg, and mp. In other words, we can design biodegradable polymers and nonbiodegradable polymers based on their intended uses.
Based on the enormous amounts of information provided by previous research, we can summarize the principal characteristics of the biodegradation of polymers, some of which are common to natural polymers and some newly acquired by evolution of the ancestor enzymes or proteins to adapt to xenobiotic polymers, as follows:
i) Depolymerization is the most important process in the biodegradation of polymers.
ii) Macromolecules can be depolymerized either by extracellular enzymes, most of which are hydrolytic enzymes, and depolymerization is random and endogenous or done by intracellular enzymes in the periplasmic space, but not in the cytoplasmic space. An oxidative process is involved in the latter case, linked with a respiratory chain in the membrane, and depolymerization is performed via several steps by many enzymes. Examples of the former are polyesters, PAS, and PLA, and of the latter, PEG, PAA, and PEwax, associated with exogenous degradation from the terminal end of the macromolecules by the monomer unit. PVA is a unique example, in which degradation begins by random oxidation, either in an extracellular space (by oxidase) or in the periplasmic space (by PVA-DH), and is followed by endogenous hydrolysis.
iii) Specific environmental microorganisms such as Sphingomonads (for PEG, PVA, and PAS) and actinomycetes (for PLA and aliphatic-co-aromatic polyesters) contribute much to the degradation of polymers. They must be highly adaptable in order to acquire unique uptake systems, metabolic enzymes, and associated genetic structures. iv) Polymer-degrading enzymes/genes appear to have evolved from ancestor enzymes/genes that were able to recognize analogous natural compounds (not always polymeric materials), and that acquired unique 3D structures appropriate to the accommodation of macromolecules in the active cavity and for stabilizing an enzyme-substrate assembly, for example, by inverting the two domains of quinohemoprotein alcohol dehydrogenases in PVA-DH.
v) The expression of genes is regulated by macromolecules such as PEG and PVA, although actual regulation is controlled by oligomers, as has been found for PEG. The polymers are incorporated into the periplasm of cells, where they are depolymerized to yield oligomers.
vi) Solid polymers are barely incorporated into cells, which necessitates different strategies to those of water-soluble polymers, which use existing extracellular enzymes such as proteases and cutinase-like enzymes for PLA and aliphatic-co-aromatic polyesters respectively.
Since water-soluble polymers are neither incinerated nor recycled after use, microbial degradation is the only means of cleaning contaminated environments. From the distribution of degrading microorganisms and the rate of degradation, it is possible to predict the fate of target compounds in the environment. Even if target polymers are nontoxic, they have strong surface activity and produce large amounts of foam, preventing the recovery of oxygen in the water. This poses a serious threat to water-borne organisms as well as to humans. Therefore, the application of degrading microorganisms to wastewater treatment is expected to expand in the future.
For plastic wastes, biological recycling is expected due to microorganisms or enzymes. Thermophilic microorganisms capable of degrading an aliphatic-coaromatic polyester should be useful for compost degradation of polyester products. Composting is a very old technology used all over the world, and it might be the key to sustainable development and a future low-carbon society. Compost can be used as a fertilizer for plants from which monomers such as organic acids and glycols are produced by fermentation.
The versatility of mathematical modeling and numerical simulation for evaluating the biodegradation rate and biodegradation processis suggested. These can be applied in the future in wastewater treatment and the biological recycling of plastics.
